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INTRODUCTION

Computer modeling for the purpose of engineering design is becoming
Increasingly popular. This is mostly because computations can be performed much
faster than the more conventional design cycle where a prototype is built and tested,
the test results analyzed and a new prototype is built and tested until a final design is
produced which passes all the required tests. The availability of powerful work
stations at a reasonable cost can only be expected to accelerate this trend. The
approach works well for mechanical parts where finite element analysis can be used
to predict the stresses inside a material. For the design of propelling charges for large
caliber guns the computational approach Is less universally applied. This is probably
because the Interior ballistic event Is quite complex. Propellant combustion and
hydrodynamics must be modeled in great detail to be useful to the charge designer.
Nevertheless, progress is being made and as the models become more accurate and
the computers become faster, propelling charges will be designed mainly by
computer.

It Is obvious that as the models become more accurate they can provide more
detailed predictions about the performance of a proposed charge design in the gun
environment. It is always possible to produce a model which has adjustable
parameters built in which can then be fixed in such a way as to reproduce any desired
experimental result. This approach works well as long as the design remains within
the range of applicability of these parameters. Unfortunately, the range may not be
well defined so that If a new gun design Is used, or a new propellant or a novel charge
configuration is employed the predictions of empirical models cannot be trusted. This
observation Indicates that all aspects of the physics and chemistry of interior ballistics
should be modeled as accurately as possible.

Unfortunately, the ballistic environment is quite hostile, and its detailed study
has not been easy. The high pressures and temperatures involved make an
experimental approach quite difficult. Some progress has been made, for example, in
the application of CARS spectroscopy (ref 1) to propellant combustion but generally
progress has been painfully slow. To date no one has devised experiments capable
of directly measuring equation of state parameters or transport properties of propellant
gases in the ballistic environment. Since good ex:u,:,-',tal data are not available,
the description of unknown properties is either includiou wii.; the help of adjustable
parameters or neglected entirely. It is well und' -stood that sirce guns operate at high
pressure and temperature the ideal gas equa\° '- cannot be used. The next best
approximation is to use the Abel-Nobel equation ý.' !'tate which includ%.• ý ,%nvolume
term. The general form of this equation is an exact st. ,'ion to the problem of haro rods
moving in one dimension. For two and three dimensio, - the Abel-Nobel equation Is
not a good approximation because it does not take into acL.uL. "' h,•w hard disks and
hard spheres pack together. Real molecules are not hard, but ;c.•r . of
interaction increases as they come closer together. For this reason the hard sphere
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diameter should be a function of temperature. At elevated temperatures, more energy
Is available when molecules collide so that they can come closer together. Finally,
real molecules also have an attractive part to the interactive potential otherwise gases
would never condense into liquids. At high temperatures the attractive part of the
potential makes a small contribution, but it still should be taken into account.

An Important contribution to the theory of hot, dense gases was provided by
Haar and Shenker (ref 2). These workers approximated the equation of state for a real
gas using the second virlal coefficient and a closed form expression for all the other
virial coefficients using the solution to the hard sphere Percus-Yevick equation. In
their equation the hard sphere diameter or "molecular volume" was treated as a
parameter and was assumed to be temperature dependent. This approach was
developed for H20, CO, C02, H2 , and N2 by Powell, Wilmot, Haar and Klein (ref 3).
However, these authors did not consider all the minor species which are also present
in the propellant gas. Recently, Vladimlroff (ref 4) corrected this defect in the equation
of state. For many minor species which are predictbi to occur in a propellant gas after
combustion, the equation of state parameters are not known. The contributions of all

minor species were assumed to be approximated by a Lennard-Jones gas with e/K: =

100K and a = 3.OA. Expressions were developed for the second virial coefficient and
the molecular volume and incorporated as a sixth species into the equation of state
proposed by Powell, Wilmot, Haar and Klein (ref 3). During the ballistic cycle,
conditions inside the gun change. The volume Increases, the number of moles of
propellant gas changes and the temperature drops because work is being performed
on the bullet. In order to calculate the equilibrium composition of the propellant gas as
a result of changing conditions inside the gun the thermodynamic code developed by
Vladlmlroff, Carignan, Chlu and Macnherson (ref 5) was employed. However, all the
energy loss terms including work done by the system and heat transferred from the
gun are subtracted from the heat of'formation of the consumed propellant before the
equilibrium calculation Is performed. Similar calculations were undertaken for the
closed bomb by Robbins and Horst (ref 6) using the BLAKE (ref 7) thermodynamic
code.

THE COMPUTER PROGRAM

These considerations were coded In FORTRAN and Incorporated Into IBHVG2
(interior ballistics of high velocity guns [ref 8]) on an IBM RISC/6000 work station. A

S'I gas equation of state is used as discussed earlier. The conventional calculation

uciO,* .j the Abel-Nobel equation of state can be performed as well by setting the
pararn••?r OLDWAY - true. The program uses 40 elements and 800 product species.
Thermody.,,mic data from the latest JANNAF tables (ret 9) are employed. A $COMP
directive haý been added to the standard IBHVG2 (ref 8) input with the propellant
•,omposltlon. I.he covolume, Impetus, flame temperature and gamma are not used but
caic.lated at eaci time step using an equilibrium assumption. Data on 165 propellant
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constituents are contained on a file called FUELS. Presently, the program is restricted

to 800 product species that are contained on a file called PRODUCTS. The products
are those commonly expected with standard propellants which are based on carbon,
oxygen, hydrogen, and nitrogen. For special cases, special product files may have to
be developed. The output of the program is standard IBHVG2 (ref 8) except the
propellant composition is Included.

RESULTS AND DISCUSSION

In order to get some feeling for how our equation of state differs from the Abel-
Nobel equation the pressure due to the combustion gases produced by M30
propellant was calculated at several temperatures and loading densities and
displayed in table 1. It Is obvious the Abel-Nobel parameters were fairly well
optimized for the conditions Inside a gun with errors of the order of 1 or 2 percent. The
largest errors are found at 1000K, but this temperature is not encountered in our
simulation. Variations in gamma and the moles of gas produced by M30 propellant
are reported in table 2 as a function of temperature and loading density. IBHVG2 (ref
8) uses gamma - 1.243 and a gram of M30 propellant is assumed to produce .04215
moles of gas. According to our calculations, gamma Is independent of loading density
and Increases slightly as temperature decreases. If the gamma - 1 approximation is
employed differences as high as 15% can be achieved. The moles of gas produced Is
also found to be Independent of loading density but decreases as temperature
decreases. This is because at the higher temperatures there is more energy available
and there is a greater tendency for molecules to dissociate producing fragments thus
increasing the number of moles of gas. The constant value used with the IBHVG2 (ref
8) code seems to be a good average value. Similar calculations are carried out for
JA2 propellant and depicted In tables 3 and 4. It might be significant that with the
exception of 3500K and a loading density of 0.1 gm/cm3 , the pressure using MCVECE
is always lower. The best overall agreement Is observed to be at high temperature
and for 0.1 to 0.2 loading density.

Interior ballistic calculations using the modified IBHVG2 co3'J were performed
next. Three examples were considered based on case 1, case 3, and case 6 In
reference 8. Input parameters were left as is except for case 6 where a single charge
weight of 17.5 pounds was used and the Inner and outer webs were decreased to 07
so that burnout would be achieved Inside the gun. The results of our calculations are
summarized In tables 4 through 7 and compared with the more conventional
approach. The calculations for the HARP gun with M30 propellant and a 52-pound
projectile are virtually the same except that Pmax occurs at a slightly earlier time in the
conventional calculation. For the M203 charge with the M549 projectile the exit
velocities are about the same with both methods. In table 6 It can be seen that the
peak pressure occurs about 4.3 ms earlier and is about 7% higher when the old
method is employed. The largest differences are observed for the 120-mm system
with JA2 propellant and a 15.65-pound projectile. The peak pressure Is achieved
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about 2.5 ms earlier and is about 26% higher with the regular IBHVG2 calculation.The velcoity is about 6% lower with the new approach.

CONCLUSIONS

In this work, an attempt was made to solve the energy equation for the ballistic
cycle as accurately as possible. The propellant gas is not a monolithic substance
which can be described by a simple relationship between the temperature, pressure,
and density. In fact, propellant combustion produces molecules and radicals which
are then free to interact with each other as conditions inside the gun change. The
resulting propellant gas composition was calculated based on an equilibrium
assumption. At each step of the ballistic cycle, the heat of formation of the consumed
propellant was calculated. The energy losses as computed by the IBHVG2 (ref 8)
code and the energy of the products were subtracted from this value and the
remaining energy was used to heat up the propellant gas to some temperature.
Accurate heat capacities at constant volume from the JANNAF tables (ref 9) were used
for all the gas species. The composition and temperature were adjusted until they
were self consistent. The pressure was then calculated using the accurate equation of
state proposed by Powell, Wilmot, Haar and Klein (ref 3). This pressure was then used
In the next step in the ballistic cycle by the IBHVG2 (ref 8) code. All these extra
computations do not seem to produce significant differences for the HARP gun and the
M203 charge, but they do seem to make a difference for the 120-mm tank gun and JA2
propellant.

At the heart of this calculation is the equilibrium assumption. Since the
temperature and density during the ballistic cycle are high, there should be enough
energetic collisions between molecules so the thermodynamic and chemical
equilibrium will be maintained on a time scale which is short compared to the time step
used to Integrate the projectile motion. This makes it possible to calculate the
composition of the propellant gas by minimizing the free energy. However, If solids or
liquids are produced as the propellant gas cools, they may not have time to reach their
equilibrium values as assumed In the calculation. It is too early to tell exactly why the
two versions of IBHVG2 yield calculated performance which are different for the 120-
mm tank gun. One possible explanation is that initially IBHVG2 overestimates the
energy available. This is consistent with the observation that for early times IBHVG2
pressures tend to exceed experimental values (ref 8). As can be seen from table 1.
subsequent pressures are underestimated for M30 using a covolume equation of state
resulting In reasonable agreement between the two methods. On the other hand, for
JA2, IBHVG2 overestimates the pressure at later times thus resulting In significant
differences for the 120-mm tank gun. At this point a programming error cannot be
ruled out, although the work consists of the combination of two working codes with
minor scaling and unit conversions required.

4



Lumped-parameter interior ballistic codes have been used for many years.
Comparison with gun firings have yielded a set of assumptions and parameters which
work well together. Changing one assumption and eliminating some parameters will
not necessarily produce better agreement with experiment unless other parameters
and assumptions are changed as well in order to form a sell-consistent description of
the ballistic event. For example the burning rate for JA2 propellant used in the last
example may be consistent with a covolume equation of state but not very consistent
with the equation of state used in this work. The significant thing is that an accurate
solution of the energy equation does seem to make a difference in some cases. These
differences should be Investigated further In order to achieve a be,,er understanding of
how large caliber guns work.
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Table 1. Comparison of Abel-Nobel and MCVECE pressures for M30 propellant

Temperature Loadino density. 01 im/cm3  Loading density. 0.2 gm/cm 3

K Abel-Nob MCVECE .%arm AbelNobel M/eE %

3500 19,832 20,465 3.1 44,807 45,960 2.5
3000 16,999 17,449 2.5 38,406 39,258 2.2
2500 14,166 14,487 2.2 32,005 32,592 1.8
2000 11,333 11,523 1.6 25,604 25,853 1.0
1500 8,499 8,519 0.2 19,203 18,724 -2.6
1000 5,666 4,568 -24.0 12,802 9,667 -32.4

Loading densIty. 0.3 gm/cm3 _ Loading density. 0.4 gm/cm3

A Nb MCVECE -% errr L MCVECE a error

3500 77,224 77,839 0.8 120,990 117,748 -2.8
3000 66,192 66,643 0.7 103,706 101,130 -2.5
2500 55,160 55,408 0.4 86,422 84,328 -2.5
2000 44,128 43,936 -0.4 69,137 66,986 -3.2
1500 33,096 31,269 -5.8 51,853 47,027 -10.3
1000 22,064 15,769 -39.9 34,569 23,383 -47.8

Pressures are In the units of psi.

The covolume Is 1.02962 cm3/gram.
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Table 2. Gamma and moles of gas from M30 propellant*

m Loadin density, 0.1 ar/cm 3 Loading density,.,mc 3

K Gamma Moe LD aM gamma Mole _gf

3500 1.250 .04327 1.249 .04316
3000 1.253 .04310 1.252 .04307
2500 1.257 .04305 1.257 .04303
2000 1.266 .04303 1.266 .04297
1500 1.279 .04255 1.275 .04182
1000 1.264 .03655 1.260 .03615

Loading density. 0.3 gm/cm3 Lgadina density, .OAg-m 3

Gamma MeGamm

3500 1.248 .04310 1.248 .04307
3000 1.252 .04303 1.251 .04301
2500 1.257 .04299 1.257 .04297
2000 1.265 .04292 1.265 .04286
1500 1.271 .04122 1.268 .04073
1000 1.259 .03697 1.258 .03587

'•Clc•.i,•ed using the MCVECE thermodynamic code as a function of temperature and
loading dhnsity.

The IBHVG2 code uses a gamma - 1.243 and a gram of M30 propellant is assumed to
produce .04215 moles of gas.
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Table 3. Comparison of Abel-Nobel and MCVECE pressures for JA2 propellant

Lampdsure Loading density. 0 / .LongdnsityQZZMLM3 -

K AbgeJ:l-Nobel MCVECE % error AblNoe MCVECE % error

3500 18,936 19,020 0.4 42,563 42,446 -0.3
3000 16,231 16,206 -0.2 36,482 36,228 -0.7
2500 13,526 13,450 -0.6 30,402 30,053 -1.2
2000 10,820 10,696 -1.2 24,322 23,827 -2.1
1500 8,115 7,916 -2.5 18,241 17,293 -5.5
1000 5,410 4,049 -33.6 12,161 8,398 -44.8

Loading density. 03gmS.. Loadingmdensity, 0,. 34.

AkkbelNoe MCVECE % error Abel-Nobal MQYEE 2acrro

3500 72,871 71,434 -2.0 113,162 107,366 -5.4
3000 62,461 61,093 2.2 96,996 92,082 -5.3
2500 52,051 50,736 -2.6 80,830 76,666 -5.4
2000 41,641 40,206 -3.6 64,664 60,861 -6.2
1500 31,231 28,656 -9.0 48,498 42,731 -13.5
1000 20,820 13,416 55.2 ?2,332 19,370 -66.1

Pressures are In the units of psi. The covolume Is 0.9928 Cm3 /gram.
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Table 4. Gamma and moles of gas from JA2 propellant*

mprature Loadir&g dansii,. 0.JgmL•_3  Loading density- 9 = 3_

KImsa Moleof gas Gamma Moe oL. ga

3500 1.239 .04045 1.238 .04036
3000 1.241 .04029 1.240 .04026
2500 1.245 .04022 1.245 .04022
2000 1.254 .04022 1.254 .04019
1500 1.266 .03999 1.262 .03925
1000 1.240 .03393 1.236 .03344

Loading density, 0.3 . . Loading density..4 g n/A..g _3-

Gamma Mes Lg Gamm Mlg

3500 1.237 .04031 1.237 .04027
3000 1.240 .04024 1.240 .04022
2500 1.245 .04021 1.245 .04019
2000 1.253 .04016 1.253 .04013
1500 1.258 .03868 1.255 .03823
1000 1.234 .03328 1.233 .03317

"Calculated using the MCVECE thermodynamic code as a function of temperature and
loading density.

As used In IBHVG2 JA2 gamma - 1.2257 and a gram of JA2 propellant is assumed to
produce .04041 moles of gas.
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Table 5. Comparison of interior ballistic simulation for HARP gun*

New Old
nditionsat EM Muzzl Em Muzz

Time (ms) 7.30 17.96 7.19 17.94
Tra':el (in.) 45.87 570.50 44.89 570.50
Velocity (ft/s) 2040.00 5025.00 2059.00 4970.00
Acceleration (G) 22753.00 2385.00 22539.00 2298.00
Breech press (psi) 45549.00 5932.00 45141.00 5756.00
Mean press (psi) 40417.00 5394.00 40057.00 6237.00
Base press (psi) 30153.00 4318.00 29890.00 4200.00
Mean temp (K) 2774.00 1777.00 2743.00 1747.00

*Using IBHVG2 and MCVECE HARP gun with M30 propellant and a 52-pound

projectile.

Table 6. Comparison of interior ballistic simulation for the near M203/M549

.New OldCniin at E= Muzz&. PMax= Muzzle

Time (ms) 11.00 17.65 6.71 14.11
Travel (in.) 33.84 205.00 20.62 205.00
Velocity (ft/s) 1266.00 2674.00 1029.00 2701.00
Acceleration (G) 10953.00 2659.00 11774.00 2629.00
Breech press (psi) 42459.00 11378.00 45575.00 11284.00
Mean press (psi) 40854.00 10988.00 43831.00 10895.00
Base press (psi) 37645.00 10209.00 40343.00 10116.00
Mean temp (K) 2628.00 1923.00 2699.00 1914.00

*Using IBHVG2 and MCVECE for the near M203/M549 with M30 Al propellant.
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Table 7. Comparison of Interior ballistic simulation for the 120-mm tank gun*

New Old
Conditions at emu Pmax Muzl

Time (ms) 6.10 9.10 3.55 6.93
Travel (in.) 43.21 187.11 21.47 187.11
Velocity (ft/s) 2566.00 5015.00 2105.00 5327.00
Acceleration (G) 35171.00 13048.00 47720.00 11999.00
Breech press (psi) 48331.00 18714.00 65404.00 17376.00
Mean press (psi) 42394.00 16417.00 57374.00 15243.00
Base press (psi) 31645.00 12248.00 42809.00 11373.00
Mean temp (K) 2981.00 2387.00 2995.00 2198.00

*Using IBHVG2 and MCVECE for the 1120-mm tank gun with JA2 propellant and a
15.65-pound projectile
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